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Introduction 

Molecular  recognition  is  central  to  biosensing.  Since  the 
first  biosensor  was  developed  by  Updike  and  Hicks  (1967) 
many  biosensors  have  been  studied  and  developed. 
As  shown  in  Fig.  1,  a  biosensor  can  be  defined  as 
a  “compact  analytical  device  or  unit  incorporating  a 
biological  or  biologically  derived  sensitive  ‘recognition’ 
element  integrated  or  associated  with  a  physio-chemical 
transducer”  (Turner,  2000).  Initially,  biosensor  recognition 
elements  were  isolated  from  living  systems.  However, 
many  biosensor  recognition  elements  now  available  are 
not  naturally  occurring  but  have  been  synthesized  in 
the  laboratory.  The  sensing  of  targets,  i.e.  analytes  of 
interest,  is  already  being  influenced  by  the  emergence  of 
engineered  binding  proteins  (Feltus  and  Daunert,  2002). 
Employing  the  techniques  of  modern  biotechnology,  it  is 
now  possible  to  construct  DNA  polynucleotides  at  will, 
thus  opening  new  paths  for  generation  of  biosensor 
recognition  elements  arising  from  paths  not  taken  by 
nature.  The  following  review  is  restricted  to  a  selective 
overview  of  molecular  recognition  elements,  including 
receptors,  enzymes,  antibodies,  nucleic  acids,  molecular 
imprints  and  lectins  currently  impacting  biosensor 
development  (Fig.  1).  With  the  advent  of  nanostructures 
and  new  interface  materials,  these  recognition  elements 
will  be  major  players  in  future  biosensor  development. 
“Transduction”  of  the  biorecognition  event  constitutes 
a  separate  and  obviously  important  area  of  biosensor 
development  beyond  the  scope  of  the  present  review. 


Receptors 

For  purposes  ofbiosensing,  receptors  are  alluring  because 
of  their  generic  “receiving”  as  well  as  “sending”  functions. 
In  addition  to  their  being  mediators  of  physiological 
processes,  receptors  are  natural  targets  for  a  variety  of 
toxins  as  well  as  drugs.  Receptors  are  transmembrane 
(plasma  and  intracellular  membranes)  and  soluble 
proteins  that  bind  to  specific  molecules  called  ligands, 
the  binding  event  initiating  a  specific  cellular  response. 
Ligand-induced  receptor  conformational  changes  give 
rise  to  subsequent  events  such  as  channel  opening, 
adenyl/guanyl  cyclase  mediated  second  messenger 
generation,  and  reaction  cascades  involving  a  multitude 
of  other  proteins,  including  G  proteins,  tyrosine  kinases, 
phosphatases,  phosphorylases,  transcription  factors,  and 
antigen  processing  cell  receptor  responses  all  constituting 
“transduction”  in  response  to  the  initial  ligand  binding 
event. 

Early  on,  Valdes  and  coworkers  recognized  the 
usefulness  of  receptor  preparations  as  biosensor  sensing 
elements  for  a  variety  of  ligands  of  interests  (Valdes  et 
al.,  1988;  1990).  Although  receptor  preparations  are 
attractive  biosensor  recognition  elements  due  to  high 
ligand  specificity  and  affinity,  their  low  yield  and  relative 
instability,  labor  intensive  isolation  and  lengthy  purification 
protocols  of  membrane  associated  proteins,  as  well  as 
transduction  difficulties  have  significantly  impeded  pursuit 
of  receptor  mediated  sensing.  However,  with  the  advent 
of  recombinant  techniques  and  a  multitude  of  expression 
systems,  generation  of  large  amounts  of  receptor  protein 
is  now  possible,  alleviating  many  of  earlier  logistical 
issues.  Direct  monitoring  of  receptor-ligand  interaction 
was  challenging  due  to  absence  of  signal  amplification 
associated  with  other  sensor  biorecognition  elements,  for 
example,  enzyme  recognition  elements.  However,  the  more 
recent  development  of  very  sensitive,  direct  monitoring  of 
the  binding  event  is  now  possible  using  surface  plasmon 
resonance  (Subrahmanyam  et  al.  2002). 
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Fig.  1  Configuration  of  a  biosensor  showing  biorecognition,  interface,  and  transduction  elements. 
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Enzyme  based  recognition 

Catalytic  enzyme  based  sensor  recognition  elements 
are  very  attractive  for  biosensor  applications  due  to  a 
variety  of  measurable  reaction  products  arising  from 
the  catalytic  process,  which  include  protons,  electrons, 
light,  and  heat.  The  enzyme  urease  has  been  widely 
used  as  a  sensor  biorecognition  element  due  to  a  need 
for  urea  determination/monitoring  for  both  medical  and 
environmental  applications  (Barhoumi  et  al.,  2006). 

The  very  apparent  inherent,  regulatory  nature  of 
allosteric  enzymes  affords  great  potential  for  use  as 
biosensor  recognition  elements.  The  regulatory  subunit 
functions  as  the  recognition  element  affecting,  either  in 
positive  or  negative  fashion  via  conformational  changes, 
the  catalytic  site  serving  as  the  transducing  element 
(O'Connell  and  Guilbault,  2001).  Although  very  attractive, 
allosteric  proteins  are  multimeric  in  nature,  presenting 
stability  as  well  as  expression  difficulties.  However, 
Villaverde  and  coworkers  have  successfully  engineered 
catalytic  proteins  exhibiting  sensing  elements  in  the 
form  of  specific  ligand  binding  sites  which,  in  allosteric 
fashion,  affect  the  respective  catalytic  events  in  response 
to  different  effectors  (O’Connell  and  Guilbault,  2001).  An 
engineered  enzyme  biorecognition  element  has  been 
used  for  detection  of  HIV  antibody  in  serum  entailing  two 
overlapping  epitopes  (PI  and  P2  from  the  gp41  envelope 
glycoprotein)  inserted  adjacent  to  (3-galactosidase  active 
site  resulting  in  a  hybrid  enzyme  (Ferrer-Miralles  et 
al.,  2001).  A  number  of  engineered  allosteric  catalytic 
biorecognition  elements  are  now  available  and  include 
(3-galactosidase,  alkaline  phosphatase,  P-lactamase,  and 
neural  protease  (O'Connell  and  Guilbault,  2001). 

In  similar  fashion,  green  fluorescent  protein  (GFP) 
is  now  used  in  many  “allosteric-like”  sensing  element 
applications.  Because  the  fluorophore  is  an  intrinsic  part 
of  the  GFP  polypeptide  chain,  no  covalent  modification 
of  the  protein  is  required.  Numerous  sensor  applications 
involving  use  of  GFP  have  been  described  (Doi  and 
Yanagawa,  1999).  Doi  and  Yanagawa  have  made  hybrid 
fusion  GFP  containing  specific  molecular  recognition 
sites  by  inserting  protein  domains  containing  the  desired 
molecular  recognition,  binding  site  into  a  GFP  surface 
loop.  Random  mutation  of  the  ligand  specific  fusion 
protein  insert  gives  rise  to  a  combinatorial  library  from 
which  binding  of  specific  analytes  can  be  selected  via 
changes  in  fluorescence  arising  from  the  binding  event 
(Doi  and  Yanagawa,  1999). 

Of  all  enzyme  recognition  element  based  biosensors, 
the  glucose  biosensor  is  the  most  widely  studied  and 
acclaimed  sensor  success  story.  The  importance  and 
success  of  the  glucose  biosensor  stems  from  the 
clinical  relevance  of  diabetes,  with  17  million  people 
in  the  US  alone  afflicted  with  this  life-long  and  as  yet 
incurable  disorder.  Thus,  the  medical  need  for  glucose 
monitoring  has  resulted  in  intensive  efforts  to  develop 
glucose  sensors  and,  of  particular  note,  development 
of  implantable  electrochemical  glucose  sensors  (Heller, 

1 999) ;  bloodless  glucose  measurement  (Roe  and  Smoller, 
1998);  microfabricated  electrophoresis  chips  (Wang  etal., 

2000) ;  needle  microsensing  (Wang,  and  Zhang,  2001); 
and  engineered  protein  mediated  sensing  (Yamazaki  et 
al.,  2000). 


Glucose  monitoring  is  in  reality  no  trivial  task. 
Most  monitoring  of  glucose  is  not  a  measure  of  blood 
glucose  directly  but  one  reflective  of  glucose  levels  in 
the  interstitial  fluid  of  subcutaneous  tissue.  The  ratio  of 
blood  glucose  (BG)  to  interstitial  glucose  (IG)  is  close  to 
unity  as  long  as  the  glucose  concentration  is  not  changing 
rapidly;  otherwise  one  is  dealing  with  a  complicated 
interplay  of  glucose  physiology  and  insulin  kinetics.  Not 
surprisingly,  sensing  of  glucose  can  be  most  difficult  in 
the  “hypoglycemic”  range  where  the  greatest  accuracy  is 
demanded. 

Although  a  variety  of  glucose  sensors  are  available, 
the  glucose  biosensor  has  changed  little  in  principle 
over  the  years.  As  shown  in  Fig.  2,  glucose  encounters 
an  immobilized  enzyme  and  transduction  is  achieved 
amperometrically  via  an  electrode.  Currently,  most 
glucose  biosensors  utilize  glucose  oxidase  as  their 
recognition  element  that  catalyzes  the  oxidation  of 
glucose  to  gluconolactone: 

glucose  +  02— >  gluconolactone  +  H202 

If  oxidation  is  accomplished  using  glucose 
dehydrogenase  (NAD+  prosthetic  group),  NADH  is 
produced  rather  than  H202.  In  the  above  reaction  scheme, 
the  dominant  detection  approach  is  electrochemical  in 
nature  where  the  product  (hydrogen  peroxide  or  NADH) 
is  electrochemically  detected  by  an  electrochemical 
mediator,  e.g.  organic  dyes  such  as  Prussian  Blue  and 
inorganic  redox  couples  which  serve  as  electron  sinks. 
An  alternative  transduction  scheme  involves  the  use  of 
quinoprotein  glucose  dehydrogenase,  which  requires 
neither  oxygen  nor  NAD+  but  orthoquinone  cofactors  to 
oxidize  a  wide  variety  of  alcohols  and  amines  to  their 
corresponding  aldehydes  and  ketones.  The  quinoprotein 
glucose  dehydrogenase  recognition  element  uses 
pyrroloquinoline  quinone  (PQQ)  as  a  cofactor  and  is 
described  below: 

glucose  +  PQQ(0X)  — >  gluconolactone  +  PQQ(red) 


Fig.  2  Diagram  of  the  glucose  sensor  showing  the  electrode  configuration, 
the  polymer  barrier  deposited  onto  the  working  electrode,  and  the  surface 
where  the  enzyme  (glucose  oxidase)  is  immobilized. 
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A  novel  and  exciting  improvement  over  that  shown  in 
Fig.  2  is  that  of  a  molecular  "wired”  enzyme  recognition 
element  based  glucose  biosensor  developed  by  Heller 
(1990).  This  sensor  is  comprised  of  enzymes  (glucose 
and  bilirubin  oxidases)  electrically  wired  with  redox 
polymers  I  and  II,  respectively  (Fig.  3).  Interestingly, 
because  02  is  a  natural  cosubstrate  of  glucose  oxidase, 
it  interferes  with  glucose  assays.  Thus,  as  the  02  partial 
pressure  is  increased,  the  anodic  glucose  electrooxidation 
current,  (i.e.  signal)  decreases.  As  shown  in  Fig.  3  (center 
complex),  the  glassy  carbon  electrode  which  consists  of 
cross-linked  glucose  oxidase  (GOx)  and  redox  polymer  I 
is  well  shielded,  and  02  is  electroreduced.  As  configured, 
almost  total  electroreductive  stripping  of  02  from  the 
solution  near  the  glucose  electrooxidizing  anode  is 
achieved  so  that  residual  reducible  02  no  longer  defines 
the  detection  limit.  Mano  and  Heller  have  successfully 
detected  glucose  at  femtomolar  concentrations  (Mano 
and  Heller,  2005).  Importantly,  this  molecular  “wired” 
oxidase  format  can  be  used  for  detection  of  a  variety  of 
important  analytes  of  clinical  relevance  such  as  lactate, 
L-a-glycerolphosphate  and  glutamate. 

Advances  in  the  field  of  micro/nanoelectromechanical 
systems  (MEMS/NEMS)  now  offer  unique  opportunities 
for  extremely  accurate,  real  time  measurement  of  blood 
glucose.  MEMS/NEMS  have  demonstrated  unique 
advantages  such  as  their  small  size  and  integration 
into  a  variety  of  devices.  Among  the  MEMS  platforms, 
microcantilevers  have  been  proven  to  be  an  outstanding 
platform  for  chemical  and  biological  sensors,  with  detection 
limits  as  low  as  femtomolar  (Tang  et  al.,  2004).  Modified 
microcantilevers  can  recognize  target  molecules  through 
specified  biological  binding  which  results  in  deflection  of 
the  cantilever.  Yan  and  coworkers  have  devised  a  glucose 
oxidase  functionalized  microcantilever  for  detection  of 
glucose  (Yan  et  al.,  2005). 

Carbon  nanotubes  are  hollow  graphitic  structures 
and  are  promising  for  immobilization  purposes  because 
of  their  significant  mechanical  strength,  high  surface 
area,  excellent  electrical  conductivity  and  chemical 
stability.  The  lengths  of  the  nanotubes  can  range  from 
several  hundred  nanometers  to  several  micrometers  and 
the  diameter  ranges  from  0.2  to  2  nanometers  for  single 
walled  structures,  and  2  to  100  nanometers  for  coaxial 
multiwalled  structures.  The  subtle  electronic  properties  of 
carbon  nanotubes  are  not  only  attractive  with  regard  to  the 


Fig.  3  Schematic  diagram  of  glucose  detection  by  electrooxidation  on 
a  stationary  glassy  disk  with  electrically  “wired”  glucose  and  bilirubin 
oxidases. 


development  of  "wired”  enzyme  biorecognition  elements 
but  also  sensitive  determination  of  physiologically 
important  peptides  such  as  insulin  (Zhang  et  al.,  2005). 
Current  wired  enzyme  and  peptide  sensors  are  the 
forerunners  of  nanowired  arrays  that  can  result  in 
exquisite  sensitivity  because  they  are  so  small  that  when 
an  analyte  binds  at  the  surface  of  the  recognition  element, 
the  entire  nanowire  is  affected  (Hitt,  2004). 

In  contrast  to  catalytic  schema,  binding  of  substrate 
such  as  glucose  without  catalysis  is  ideal  because 
substrate-depletion  effects,  in  this  case  reduction  of 
substrate  concentration,  are  problematic  due  to  “mass 
law”  considerations.  If  the  binding  event  is  made  the 
sole  basis  for  detection,  then  little  analyte  is  consumed, 
avoiding  depletion  effects  arising  from  catalytic  conversion 
to  product.  Importantly,  such  configurations  lead  to 
significantly  smaller  sensing  elements  which  in  turn  can 
be  arrayed  at  significantly  higher  density  than  that  for 
substrate  to  product  based  sensing.  Non-catalytic  based 
sensing  of  glucose  had  its  origins  in  the  work  of  Schultz 
and  coworkers  based  upon  fluorescence  resonance 
energy  transfer  (FRET)  between  a  donor  and  acceptor 
following  binding  of  glucose  to  glucose  binding  proteins 
(Schultz,  and  Sims,  1979)  but  found  very  limited  use  due 
to  reversibility  and  aggregation  problems.  More  recently, 
thermostable  glucose  binding  proteins  from  Aspergillus 
niger  (glucose  oxidase),  Thermoplasma  acidophilum 
(glucose  dehydrogenase)  and  Bacillus stearothermophilus 
(glucokinase)  have  been  engineered  to  report  via 
fluorescence  and/or  fluorescence  energy  transfer  the 
binding  of  glucose  in  a  non-consuming  manner  where 
glucose  is  bound  but  not  chemically  converted  to  product 
(Scognamiglio  et  al.  2004).  Bambot  and  coworkers  have 
suggested  that  implanted,  reversible,  non-consuming 
glucose  sensing  could  potentially  be  achieved  through  the 
skin  using  red  laser  diodes  or  light  emitting  diode  devices 
as  the  light  source  (Bambot  et  al.,  1995).  Importantly, 
the  use  of  inactive  apoenzymes  for  reversible  sensing 
greatly  simplifies  the  sensing  platform  as  well  as  expands 
the  range  of  metabolically  important  proteins  that  can  be 
used  as  sensor  biorecognition  elements. 

Antibody  based  recognition 

With  the  notable  exception  of  the  glucose  sensor,  the 
majority  of  rapid  detection  systems  employ  antibodies 
for  recognition,  identification  and  quantitation  of  target 
analytes.  Antibodies  have  been  used  extensively  for 
detection  purposes;  however,  their  popularity  increased 
significantly  following  Kohler  and  Milstein’s  seminal  work 
establishing  monoclonal  antibody  (MoAb)  technology 
(Jayasena,  1999).  Using  cell  clones  that  specifically 
produce  MoAbs  of  choice,  large  quantities  of  antibody 
can  now  be  produced.  Antibody  recognition  elements 
make  use  of  the  sensitivity  and  specificity  of  bimolecular 
antibody-antigen  interactions.  The  major  advantage 
of  antibody  sensor  biorecognition  elements  is  that  the 
immunogen,  i.e.  target,  need  not  be  purified  prior  to 
detection.  A  variety  of  signal  transduction  (optical  and 
electrochemical)  techniques  have  been  developed  and 
the  most  useful  has  been  enzyme-fluorescence  based 
with  catalytic  turnover  resulting  in  amplification  of  signal, 
thus  increasing  the  sensitivity  of  the  assay. 
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Like  many  routinely  used  diagnostic  assays,  the 
majority  of  current  PSA  (prostate-specific  antigen) 
assays  are  variations  of  enzyme-linked  immunosorbent 
assays  (ELISA)  reporting  via  the  specific  formation 
of  PSA  immune  complex.  Wu  and  coworkers’  (2001) 
observation  of  nanomechanical  motion  generated  by 
protein  ligand  interactions  on  microcantilevers  has  led  to 
immobilization  of  PSA  antibody  recognition  element  for 
detection  of  PSA  in  serum  (Fig.  4).  Molecules  adsorbed 
on  a  microcantilever  cause  vibrational  frequency  changes 
referred  to  as  “curling”  due  to  adsorption  stress  on  one 
side  of  the  cantilever.  Surface  plasmon  resonance  based 
optical  transduction  by  noble  metals  has  also  been  used 
as  basis  of  antibody  recognition  element  assays  (Hirsch 
et  al.  2003).  Such  technology  readily  lends  itself  to  well- 
established  array  microfabrication  techniques,  thereby 
offering  the  promising  prospect  of  high  throughput, 
biosensor  based  analysis  of  clinical  samples. 

Recombinant  antibodies  consisting  of  genetically 
manipulated  fused  antigen  binding  domains  (Fab fragment) 
of  common  antibodies  are  now  available  (Emanuel  et 
al.,  2000).  When  compared  to  polyclonal  or  monoclonal 
antibodies,  generation  (expression  and  purification) 
of  recombinant  antibodies  is  less  expensive  and  time 
consuming.  A  number  of  recombinant  antibodies  have 
been  shown  to  be  useful  for  detection  and  identification 
of  HIV,  Hepatitis  B  and  C,  Simian  immunodeficiency, 
Ebola,  Rabies,  Epstein-Barr,  and  Measles  viruses  as 
well  as  biological  agents  such  as  botulinum  neurotoxin 
A/B  (O’Brien  et  al.,  2001;  Petrenko  and  Sorokulova, 
2004).  Benhar  and  coworkers  have  demonstrated  the 
usefulness  of  carbon  electrode  immobilized  single  chain 
(scFvs)  recombinant  antibodies  specific  for  Listeria 
monocytogenes,  and  the  MtKatG  enzyme  expressed 
by  Mycobacterium  tuberculosis  in  an  electrochemical 
biosensor  (Benhar  et  al.,  2001). 

A  clever  marriage  of  the  well-established  polymerase 
chain  reaction  (PCR)  nucleic  acid  detection  methodology 
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Fig.  4  Diagram  of  interactions  between  target  and  probe  molecules  on  a 
microcantilever  beam. 


to  that  of  high-sensitivity  immunodetection  of  proteins 
was  achieved  by  establishment  of  immuno-PCR  (Sano  et 
al.,  1992)  resulting  in  detection  of  clinically  relevant  tumor 
markers,  viral  proteins,  pathogens  (microorganisms), 
toxins  and  metabolites  (Niemeyer  et  al.,  2005).  Immuno- 
PCR  takes  advantage  of  specific,  conjugated  recognition 
elements  comprised  of  an  antibody  and  DNA  marker 
fragment,  combining  the  versatility  of  enzyme-linked 
immunosorbent  assays  (ELISAs)  with  the  amplification 
power  and  sensitivity  of  the  PCR  (Fig.  5,  Frame  A).  As  a 
consequence,  the  limit  of  detection  of  a  given  ELISA  is  in 
general  enhanced  100-10  000  fold  by  the  use  of  PCR  as 
a  signal  amplification  system  (Fig.  5,  Frame  B).  Although 
Immuno-PCR  is  now  a  well-established  technique  for 
routine  applications  in  both  fundamental  and  clinical 
applied  immunological  research,  to  date  the  PCR  step 
must  be  carried  out  using  a  PCR  machine.  However, 
miniaturized  PCR  devices  using  microfluidic  channels 
and  reaction  chambers  are  now  described  in  the  literature 
(Koh  et  al.,  2003;  Gulliksen  et  al.,  2004)  making  possible 
development  of  a  “chip  based”  immuno-PCR  biosensor. 
Additionally,  DNA-DNA  hybridization  detection  has  been 
reported  using  cantilever  based  recognition  elements 
which  could  be  applicable  to  Immuno-PCR  (Hansen  et 
al.,  2001;  Wu  et  al.,  2001). 

Antibodies  are  currently  being  used  in  nontraditional 
immunoreagent  mediated  sensing  schemes.  One  such 
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Fig.  5  General  setup  of  immuno-PCR  (IPCR)  is  similar  to  that  of  antigen 
(Ag)  detection  using  ELISA.  Frame  A,  Comparison  of  ELISA  and  IPCR. 
Frame  B,  Typical  comparison  of  dose-response  curves  for  ELISA  (closed 
circles)  and  analogous  IPCR  (open  circles). 
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technology  is  that  of  the  “ion  channel  switch”  which 
involves  a  self-assembling  synthetic  biomembrane. 
This  biosensing  element  is  a  two  molecule  layer,  self- 
assembled  membrane  structure  modeled  after  the  ion- 
channel  peptide  gramicidin.  The  binding  of  target  analyte 
to  antibody  tethered  to  the  channel  alters  the  population 
of  conduction  ion  channel  pairs  within  the  membrane, 
resulting  in  a  change  in  membrane  conduction  and  an  “on/ 
off”  response  resulting  from  channel  closure  or  distortion 
(Krishna  et  a!.,  2003). 

Another  non-traditional  but  novel  immunoreagent 
sensing  scheme  is  that  of  antibody  dendrimers(Yamaguchi 
and  Harada,  2003).  As  shown  in  Fig.  6,  the  antibody 
dendrimer  complex  consists  of  an  immunoglobulin  core 
(IgM)  and  chemically  modified  IgG  branches.  Addition 
of  antibody  to  the  divalent  antigen-antibody  complex 
immobilized  on  the  sensor  surface  results  in  increased 
SPR  signal  intensity. 

Aptamer  based  recognition 

Biosensors  using  aptamers  as  biorecognition  elements 
are  referred  to  as  aptasensors.  Aptamers  are  nucleic 
acid  ligands  (RNA,  ssDNA,  modified  ssDNA,  or  modified 
RNA)  that  are  isolated  from  libraries  of  oligonucleotides 
by  an  in  vitro  selection  process  called  SELEX  (Systematic 
Evolution  of  Ligands  by  Exponential  enrichment) 
(Ellington  and  Szostak,  1990;  Tuerk  and  Gold,  1990). 
These  DNA/RNA  ligands  are  thought  to  recognize  their 
target  primarily  by  shape  (i.e.  conformation)  and  not 
sequence  (Lim  et  at.,  2005).  Since  they  are  short,  single- 
stranded  oligonucleotides,  they  are  capable  of  folding  into 
three-dimensional  structures  due  to  their  self-annealing 
properties.  Aptamers  bind  with  high  affinity  and  specificity 
to  a  broad  range  of  target  molecules,  and  have  proven 
suitable  for  analytic  and  diagnostic  applications  (Luzi 
et  at.,  2003).  Since  aptamers  are  synthetically  evolved 
in  the  SELEX  process,  their  potential  range  of  use  is 
virtually  unlimited.  As  shown  in  Fig.  7,  a  library  of  DNA 
oligonucleotides  containing  a  portion  of  randomized 
sequence  is  synthesized.  The  library  is  then  converted 
into  dsDNA  by  PCR  and  into  RNA  by  in  vitro  transcription 
using  the  T7  RNA  polymerase.  After  incubation  of  the 
target  analyte  with  the  nucleic  acid  pool,  the  non-specific 
or  low-affinity  binding  nucleic  acid  molecules  are  removed 


Antibody  Dendrimers 


Fig.  6  A  proposed  structure  of  an  antibody  dendrimer  complex. 
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Fig.  7  Scheme  of  in  vitro  selection  of  an  RNA  aptamer  (SELEX). 


by  washing  steps  and  the  captured  RNA  molecules 
are  eluted,  recovered  and  amplified  by  RT-PCR  and 
subsequently  transcribed  back  to  RNA.  The  whole  cycle 
is  repeated  until  obtaining  a  specific  population  of  high 
affinity  binding  RNA  which  is  isolated  and  characterized. 

Aptamers  have  been  produced  against  a  wide  range 
of  targets  including  small  molecules,  proteins  and  whole 
cells,  making  them  very  useful  for  detection  purposes. 
These  nucleic  acid  recognition  elements  are  more 
flexible  than  their  protein  counterparts.  Predominantly 
unstructured  in  solution,  aptamers  fold  upon  associating 
with  their  ligands  into  molecular  architectures  in  which 
the  ligand  becomes  an  intrinsic  part  of  the  nucleic 
acid  structure.  Due  to  their  high  binding  affinity,  simple 
synthesis,  easy  storage,  and  wide  applicability,  aptamer 
sensor  recognition  elements  are  emerging  as  a  new  class 
of  molecules  that  rival  commonly  used  antibody  biosensor 
recognition  elements. 

The  efficacy  of  aptamers  has  been  shown  on  a 
number  of  biosensing  platforms.  Stadtherr  and  coworkers 
have  demonstrated  the  feasibility  of  a  DNA  aptamer- 
based  biochip  for  protein  detection  (IgE  and  specific 
anti-lgE  antibodies)  (Stadtherr  et  at.,  2005).  Cantilever 
surfaces  have  been  functionalized  with  aptamers 
(Savran  et  al.,  2004).  Liss  et  at.  (2002)  reported  label- 
free  detection  of  IgE  using  aptamers  and  a  quartz  crystal 
microbalance  system.  Detection  of  HIV-1  Tat  protein 
(trans  activator  of  transcription)  has  been  achieved  using 
RNA  aptamer  recognition  element  based  quartz  crystal 
biosensor  (Minunni  et  at.,  2004).  Recently,  Gronewold 
and  coworkers  (2005)  devised  an  anti-thrombin  aptamer 
surface  acoustic  wave  (SAW)  biosensor  for  monitoring 
blood-coagulation  cascade  complex  formation. 

Catalytic  aptamers  called  aptazymes  are  relatively 
new  to  the  recognition  element  theme  and  may  prove 
especially  useful  for  capturing  and  thus  monitoring  key 
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metabolic  intermediates  of  diagnostic  value  whose 
concentration  might  be  very  low  (Hesselberth  et  al., 
2003).  Aptazymes  (RNAzymes  and  DNAzymes)  are 
aptamers  possessing  allosteric  properties  that  transduce 
recognition  of  target  analytes  into  catalytically  generated 
observable  signals.  With  the  development  of  functionalized 
gold  nanoparticles,  DNAzymes  have  become  especially 
attractive  biosensor  recognition  elements  because  many 
analyte-dependent  DNAzymes  have  been  isolated  (Table 
1).  DNAzymes  may  be  very  useful  in  monitoring  diseases 
such  as  diabetes  and  Alzheimer’s  as  well  as  chemical 
warfare  agents  due  to  pathopneumonic  changes  in  metal 
ion  concentrations.  Also  noteworthy,  DNAzymes,  like 
RNAzymes,  can  be  repeatedly  denatured  without  losing 
catalytic/binding  abilities.  Furthermore,  DNA  is  relatively 
inexpensive  to  produce  and  can  be  easily  derivatized. 
Aptazymes  are  easily  engineered  and  can  detect  diverse 
classes  of  biologically  relevant  molecules  from  small 
organics  to  proteins,  and  their  high  signal-to-noise 
ratios  make  them  ideal  for  array  formats,  which  have 
been  shown  to  apprehend  and  quantitate  a  wider  range 
of  analyte  classes  than  would  be  possible  with  typical 
antibody-based  sandwich  assays  (ELISA  arrays)  (Kirby 
et  al.,  2004). 

A  key  development  in  aptamer-based  sensors  is 
that  of  “signaling  or  ‘molecular  beacon'  aptamers,”  which 
have  the  ability  to  report  directly  following  binding  to 
their  specific  targets.  Molecular  beacons  have  become 
a  class  of  DNA/RNA  probes  used  in  chemistry,  biology, 
biotechnology  and  medical  sciences  for  molecular 
recognition.  However,  this  theme  has  now  been  adapted 
to  a  variety  of  nucleic  acid  formats  including  aptamers 
and  nucleic  acid  peptides.  These  beacons  act  like 
switches  that  are  normally  closed  or  “off."  Binding  induces 
conformational  changes  that  open  the  hairpin  and,  as  a 
result,  fluorescence  is  turned  “on.”  The  stem  structure 
holds  the  fluorophore  and  the  quencher  in  close  proximity 
to  one  another,  preventing  the  fluorophore  from  emitting 
a  signal  as  a  result  of  resonance  energy  transfer  (Tyagi 


Table  1  Various  DNAzymes 


Reaction 

Cofactor 

kmax(rnin  1)a 

k  ,.k  , 

cat/  uncat 

RNA  transesterification 

Pb2* 

i 

105 

Mg2* 

0.01 

105 

Ca2* 

0.08 

10= 

Mg2* 

10 

>105 

None 

0.01 

108 

L-Histidine 

0.2 

10“ 

Zn2* 

-40 

>105 

DNA  cleavage 

Cu2* 

0.2 

>106 

DNA  ligation 

Cu2*  or  Zn2* 

0.07 

105 

RNA  ligation 

Mn2* 

2.2 

>10“ 

DNA  phosphorylation 

Ca2* 

0.01 

109 

5',5'-pyrophosphate  formation 

Cu2* 

0.5 

>1010 

Porphyrin  metallation 

None 

1.3 

103 

a  Reactions  catalyzed  by  DNAzymes  that  were  isolated  from  in  vitro  ex¬ 
periments.  kca/kuncat  is  the  rate  enhancement  over  uncatalyzed  reaction. 


and  Kramer,  1 996).  Once  the  single  stranded  loop  portion 
hybridizes  to  the  target,  the  stem  melts  and  the  resulting 
spatial  separation  of  the  fluorophore  from  the  quencher 
leads  to  an  enhancement  of  fluorescence  signal  (Fig. 
8).  Molecular  beacon  aptamers  have  been  made 
against  clinically  relevant  molecules  such  as  thrombin 
(Nutiu  and  Li,  2004).  Of  clinical  relevance  in  diagnostic 
screening  is  the  fact  that  it  has  been  estimated  that  60% 
of  all  humans  will  have  been  affected  by  gene  mutations 
in  their  lifetime  and  biorecognition  elements  capable 
of  differentiating  between  two  target  DNA  sequences 
differing  by  only  a  single  nucleotide  (Wang  et  al.,  2002) 
will  contribute  significantly  to  high-throughput  mutation 
detection.  Additionally,  signaling  aptamers  have  the  ability 
to  indicate  the  presence  of  non-nucleic  acid  analytes  such 
as  proteins  and  small  organic  compounds  (Rajendran  and 
Ellington,  2002)  which  make  them  very  useful  for  general 
detection  purposes. 

Because  the  precise  target  binding  sites  and  the 
conformational  changes  of  the  aptamers  are  generally 
unknown  beforehand,  it  is  not  easy  to  design  donor/ 
acceptor  labeling  strategies.  Therefore,  efforts  have  been 
made  to  develop  alternative  methods  without  aptamer 
labeling.  Stojanovic  and  Landry  (2002)  developed  a 
calorimetric  aptamer  sensor  for  cocaine  using  specific 
dyes  which,  when  displaced  by  the  analyte  cocaine, 
result  in  attenuation  of  absorbance  proportional  to  the 
concentration  of  cocaine  added.  Jiang  and  coworkers 
have  successfully  used  1  RNA  and  2  DNA  aptamers 
specific  for  three  disease-related  proteins  of  diagnostic 
importance,  i.e.  IgE,  PDGF-BB  and  a-thrombin  (Jiang 
et  al.,  2004).  The  method  is  simple,  with  no  need  for 
aptamer  recognition  element  immobilization,  and  takes 
advantage  of  a  sensitive  luminescence  change  upon 
aptamer-protein  binding  via  a  ruthenium  phenazine 
molecular  light  switch.  The  Ru-(phen)2(dppz)2+  “light 
switch”  complex  does  not  luminesce  in  aqueous  solution. 
However,  when  bound  to  dsDNA,  the  interaction  protects 
the  phenazine  nitrogen  from  water,  leading  to  intense 
emission.  Thus,  the  folded  structures  of  the  aptamers 
allow  intercalation  of  [Ru(phen)2(dppz)]2+  resulting  in 
luminescence  which  is  blocked  by  aptamer  binding  to 
target  protein. 

The  primary  limitation  of  the  use  of  aptamers, 
specifically  RNA  aptamers,  as  recognition  elements  is 
their  sensitivity  to  pyrimidine  specific  nucleases  that  are 
abundant  in  biological  fluids.  However,  specific  chemical 
modification  of  the  ribose  ring  at  2'-position  (Pieken 
et  al.,  1991)  of  pyrimidine  nucleotides  (2'-amino  and  2' 
fluoro  functional  groups)  results  in  significant  stability  and 
protection.  Additionally,  2'-amino  and  2'-fluoro  CTP  and 
UTP  can  be  incorporated  into  in  vitro  transcribed  RNA, 
thus  modifications  can  be  introduced  directly  into  the 
combinatorial  library. 

The  advantages  of  aptamer  recognition  elements 
also  make  them  very  attractive  for  biosensor  array 
formats.  Lee  and  Walt  (2000)  have  adapted  aptamers  to 
high-density  fiber-optic  arrays.  McCauley  and  coworkers 
have  generated  a  small  aptamer  sensing  array  that  relies 
on  scanning  fluorescence  anisotropy  measurements  for 
detection  of  several  proteins  with  relevance  to  cancer 
(inosine  monophosphate  dehydrogenase,  IMPDH; 
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Fig.  8  Structural  characteristics  of  molecular  beacon  probes.  At  the  far  left  is  shown  a  typical  molecular  beacon  DNA  probe.  Shown  to  the  right  of  the  typical 
molecular  beacon  DNA  probe  is  the  molecular  beacon  working  principle.  The  two  spheres  on  the  molecular  beacon  (center)  represent  quenched  Tamara 
and  Dabcyl  moieties  in  contrast  to  unquenched,  i.e.  fluorescing  (right). 


vascular  endothelial  factor,  VEGF  and  basic  fibroblast 
growth  factor,  bFGF)  (McCauley  et  at.,  2003).  Kirby  and 
coworkers  (2004)  have  integrated  aptamer  arrays  with 
a  device  that  could  also  deliver  samples  and  perform 
complex  assay  procedures  applicable  to  clinical  sample 
sensing. 

Peptide  nucleic  acid  based  recognition 

Peptide  nucleic  acids  (PNA)  are  synthetic  DNA  analogues 
or  mimics  with  a  polyamide  backbone  instead  of  a  sugar 
phosphate  bone  (Egholm  et  at.,  1993).  Of  significant 
importance  to  biosensing,  PNAs  exhibit  superior 
hybridization  characteristics  and  improved  chemical  and 
enzymatic  stability  compared  to  nucleic  acids  (Brandt 
and  Hoheisel,  2004).  Both  double  and  triple  stranded 
complexes  are  capable  of  being  formed  by  PNA  in 
association  with  nucleotides  (Nakamura  and  Karube, 
2003).  As  shown  in  Fig.  9,  the  negatively  charged  ribose- 
phosphate  backbone  of  nucleic  acids  is  replaced  by  an 
uncharged  N-(2-aminoethyl)-glycine  scaffold  to  which  the 
nucleobases  are  attached  via  a  methylene  carbonyl  linker. 
Because  the  intramolecular  distances  and  configuration 
of  the  nucleobases  are  similar  to  those  of  natural  DNA 
molecules,  specific  hybridization  occurs  between  PNAs 
and  cDNA  or  RNA  sequences.  The  uncharged  nature 
of  PNAs  is  responsible  for  a  better  thermal  stability 
of  PNA-DNA  duplexes  compared  with  DNA-DNA 
equivalents  and,  as  a  result,  single-base  mismatches 
have  a  considerably  more  destabilizing  effect  (Egholm 
et  at.,  1993).  As  with  DNA,  the  decrease  in  duplex 
stability  depends  on  the  position  of  the  mismatch  within 
the  sequence  (Igloi,  1998).  The  neutral  amide  backbone 
also  enables  PNA  to  hybridize  to  DNA  molecules  in  low- 
salt  conditions  because  no  positive  ions  are  necessary 
for  counteracting  the  interstrand  repulsion  that  hampers 
duplex  formation  between  two  negatively  charged  nucleic 


acids.  Consequently,  the  abundance  and  stability  of 
intramolecular  folding  structures  in  the  DNA  or  RNA 
analytes  are  significantly  reduced,  making  the  molecules 
more  accessible  to  complementary  PNAoligomers.  Unlike 


Fig.  9  Comparison  of  the  structures  of  peptide  nucleic  acid  (PNA)  and 
DNA. 
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DNA,  which  depurinates  at  acidic  conditions,  PNAs  are 
stable  across  a  wide  range  of  temperatures  and  pHs. 
Of  significant  importance  in  clinical  samples,  PNAs  are 
resistant  to  nucleases  and  proteases  (Demidov  et  al., 
1994).  In  contrast  to  DNA  molecular  beacons,  stemless 
PNA  beacons  are  less  sensitive  to  ionic  strength  and  the 
quenched  fluorescence  of  PNA  is  not  affected  by  DNA- 
binding  proteins.  This  enables  the  use  of  PNA  beacons 
under  conditions  that  are  not  feasible  for  DNA  beacons. 

The  very  different  nature  of  PNA  molecular  structure 
enables  new  modes  of  detection,  especially  procedures 
that  avoid  the  introduction  of  a  label.  Thus,  the  use  of 
PNAs  will  contribute  significantly  to  establishment  of 
faster  and  more  reliable  biosensing  applications.  PNAs 
have  now  been  used  to  replace  DNA  to  functionalize 
gold  nanoparticles  (Chakrabarti  and  Klibanov,  2003)  and, 
upon  hybridization  to  complementary  DNA  strands  and 
formation  of  nanoparticle  aggregates,  resulted  in  (1)  a 
red-to-blue  color  transition  and  (2)  high  discrimination  of 
DNA  single-base  mismatches.  The  change  of  color  results 
from  the  shift  of  surface  plasmon  band  (cf.  aptamer  based 
recognition)  upon  aggregation  and  this  property  is  now 
the  basis  of  colorimetric  biosensors  for  selective  detection 
of  DNA.  PNA  functionized  gold  nanoparticles  have  been 
shown  to  be  simple,  highly  sensitive  and  selective.  Xi  and 
coworkers  (Xi  et  al.,  2003)  used  DNA  and  PNA  molecular 
beacons  to  detect  and  quantify  rRNA  in  solution  and  in 
whole  cells.  Of  clinical  relevance,  PNA  molecular  beacons 
are  ideal  tools  for  detection  of  whole  bacteria  in  solution 
and  in  real  time  (Xi  et  al.,  2005).  Xi  and  coworkers  use 
real-time  confocal  microscopy  to  detect  the  fluorescence 
emitted  from  DNA  and  PNA  molecular  beacons  in 
microfluidic  systems. 

Molecular  imprint  based  recognition 

Molecular  imprinting  is  a  method  for  making  selective 
binding  sites  in  synthetic  polymers  using  molecular 
templates.  Molecular  imprinted  polymers  offer  great 
promise  for  development  of  very  stable  “solid-state 
like”  artificial  biosensing  elements.  In  recent  years,  the 
technology  of  molecular  imprinting  has  proliferated  as 
an  inexpensive,  accessible  and  effective  strategy  for 
developing  sorbent  materials  exhibiting  high  specificity 
for  selected  substrate  materials.  Shown  in  Fig.  10  is  a 
generalized  scheme  describing  synthesis  of  a  molecular 
imprint  receptor  molecule.  Although  there  are  only  a  few 
examples  of  molecular  imprint  recognition  element  based 
biosensing,  the  possibility  of  imprinting  against  a  wide 
range  of  analytes  raises  the  possibility  of  generation  of 
robust,  artificial  biological  receptors  making  possible 
multiple  clinical  sample  analysis  without  pretreatment, 
effectively  reagentless  chemistries.  Molecular  imprint- 
quartz  crystal  microbalance  detection  is  rapidly  gaining 
acceptance  for  transducing  the  presence  of  a  variety 
of  analytes,  especially  glucose  (Ersoz  et  al.,  2005).  Tai 
and  coworkers  (2005)  have  demonstrated  recognition  of 
Dengue  viral  protein  using  an  epitope-mediated  molecular 
imprinted  film.  This  is  significant  since  rapid  diagnosis  of 
this  disease  with  high  accuracy  is  crucial  especially  in 
light  of  the  current  diagnostic  methodologies  that  are  time 
and  labor  intensive  and  the  lack  of  effective  vaccines  and 
drugs  for  treatment. 
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Lectin  based  recognition 

Lectins  constitute  a  broad  family  of  proteins  involved  in 
diverse  biological  processes,  occasionally  having  potent 
toxic  properties.  Lectins  generally  exhibit  strong  binding 
to  specific  carbohydrate  moieties  known  as  glycans,  and 
this  property  has  been  extensively  exploited  as  a  basis 
for  biosensor  design  (Kim  et  al.,  1990).  Furthermore, 
particularstructural  profiles  of  glycans  and  their  recognition 
by  lectins  have  been  attributed  to  disease  progression, 
making  analysis  of  saccharide-lectin  binding  processes 
important  as  a  diagnostic  tool. 

Lectins  are  excellent  biorecognition  elements  due 
to  high  affinity  for  saccharide  moieties  via  multivalent 
interactions  arising  from  the  spatial  organization  of 
oligosaccharide  ligands.  The  selective  binding  of  lectins 
to  terminal  carbohydrate  moieties  on  cell  surfaces  and 
protein  aggregates  has  been  widely  exploited  (Bertozzi 
and  Kiessling,  2001).  Although  there  are  many  ligand 
specific  lectins  available  for  use  as  biosensor  recognition 
elements,  Concanavalin  A  (Con  A)  is  one  of  the  most 
widely  used  lectins  for  saccharide  detection.  Several 
schemes  entailing  coupling  of  Con  A  to  fluorescent 
moieties  have  been  employed  for  specific  ligand  detection 
using  fluorescence.  Due  to  the  high  specificity  of  lectin 
biorecognition  elements,  lectin  based  sensors  have  been 
made  which  take  advantage  of  advanced  fluorescence 
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techniques  such  as  FRET.  As  with  other  biorecognition 
elements,  in  the  absence  of  bound  saccharide  ligand, 
binding  between  the  lectin  and  labeled  carbohydrate  target 
allows  high  FRET  efficiency.  Flowever,  the  fluorescence 
energy  transfer  is  decreased  upon  displacement  of  the 
bound  ligand  by  the  carbohydrate  analyte,  thus  facilitating 
sensing  of  the  soluble  saccharide. 

Lectin  biorecognition  elements  have  been  used  in 
a  number  of  biosensors  including  electrical-oscillation 
(Yoshikawa  and  Omochi,  1986),  piezoelectric  crystal 
oligosaccharide  (Nagaseef  a/.,  2003)andmicrocalorimetric 
platforms  (Gemeiner  et  al. ,  1 998).  An  intriguing  technique 
for  development  of  new  and  potentially  important 
sensors  is  based  upon  use  of  Langmuir-Blodgett 
films  of  fullerene-glycodendron  conjugates  (Cardullo 
et  at.,  1998).  A  novel  saccharide  “force  fingerprinting” 
technique  based  on  single-molecule  imaging  capabilities 
of  Atomic  Force  Microscopy  has  been  reported  (Wong  et 
at.,  2002). 

Discussion  and  conclusions 

Despite  the  many  technological  advances  in  biosensor 
recognition  element  development,  the  enzyme 
biorecognition  element  mediated  glucose  sensor 
dominates  the  current  world  market.  The  domination  of 
biorecognition  by  this  one  major  analyte  arises  primarily 
from  the  prevalence  of  diabetes  in  developed  nations, 
emphasizing  further  that  biorecognition  element  based 
sensing  is  expensive  and  must  consider  the  development 
costs  and  the  size  of  the  target  market  to  be  served. 

In  the  coming  decade,  the  ability  to  “recognize”  and 
“detect”  electrically  and  magnetically  will  be  radically 
transformed.  The  emergence  of  magnetoelectronics  is 
a  promising  new  platform  technology  for  biorecognition 
element/sensor  development  (Prinz,  1998).  Although  the 
current  prototypes  have  been  directed  at  detection  of 
biological  warfare  agents  of  great  strategic  and  clinical 
relevance  such  as  Bacillus  anthracis,  Yersinia  pestis, 
Brucella  suis,  Francisella  tularensis,  Vibrio  cholerae, 
Clostridium  botulinum,  Campylobacter  jejuni  and  Vaccinia 
virus,  a  first  generation  magnoresistive  biorecognition 
element  based  on  spin  valve  sensors  (Graham  et  at., 

2004)  is  now  being  developed  for  diagnostic  biochip 
detection  of  cystic  fibrosis. 

Nanotechnology  is  now  making  possible  development 
of  in  vivo  sensors,  i.e.  nano-sized  devices  envisioned  to 
be  ingested  or  injected  where  they  could  act  as  reporters 
of  in  vivo  concentrations  of  key  analytes  (LaVan  et  at., 
2003).  These  engineered  nanoparticle  devices  imbedded 
in  the  cytosol  of  individual  tissue  specific  cells  will  be 
capable  of  transmitting  recognition  events,  that  is,  the 
binding  to  biorecognition  elements  of  target  analytes  of 
clinical  relevance  to  an  external  data  capture  system. 
Nanosensors  will  enable  compartmental  analyses  of 
metabolite  levels  and  metabolic  activity  which  will  drive 
“diagnostic  methodologies.”  Nanosensor  prototypes 
have  been  expressed  in  Yeast  and  in  mammalian  cell 
cultures  for  determination  of  carbohydrate  homeostasis 
in  living  cells  with  subcellular  resolution  (Fehr  et  al., 

2005) .  Nanosensors  can  be  selectively  expressed  under 
the  control  of  tissue  specific  promoters.  The  clinical 
relevance  arising  from  constant,  real-time  metabolic 


vigilance  via  sensor  based  ligand  specific  biorecognition 
elements  is  immense.  Virus-based  nanoparticles  have 
been  developed  for  tumor  specific  recognition,  targeting, 
imaging  and  destruction. 

Of  particular  note,  DNA  conjugate  materials  have 
been  prepared  which  can  recognize  DNA  fragments  with 
one-base  specificity  (Sprintz,  2004)  for  reliable  genotyping 
of  single  nucleotide  polymorphisms,  while  bacterial 
magnetic  particles  have  been  integrated  into  functional 
nanomaterials  by  assembling  enzymes,  antibodies  and 
receptors  onto  nano-sized  bacterial  magnetic  particles 
for  use  in  applications  such  as  determination  of  human 
insulin  (Sprintz,  2004). 

The  emerging  ability  to  control  patterns  of  matter  on 
the  nanometer  length  scale  can  be  expected  to  lead  to 
entirely  new  spatial  positioning  schemes  of  biorecognition 
elements  using  a  variety  of  new  materials.  Although  current 
technologies  such  as  microstructure  fabrication,  surface 
modification,  integration  of  detection  and  optimization  of 
chemistry  can  not  effectively  complete  with  current,  well- 
established  detection  instrumentation,  the  need  for  high 
throughput  diagnostic/detection  methods  will  continue. 
If  pursued,  array  technology  should  open  the  door  for 
commercializing  sensor  platforms  utilizing  a  variety  of 
biorecognition  elements  for  general  diagnostic/detection 
purposes. 
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